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ABSTRACT 

The status of HERA data on jet photoproduction is reviewed, and some sugges- 
tions and prospects for further work are given. 

1. Introduction 

The photoproduction of jets at HERA is proving to be a very fruitful process in 
which to study strong interactions. Aspects of QCD which are being investigated in- 
clude the partonic structure of both the proton and the photon, the internal structure 
of jets, and the dynamics of jet production. I will omit jet production in association 
with prompt photons, charm and rapidity gaps - these reactions are covered in other 
contributions. 

2. Starting Simply 

In leading order QCD, jet photoproduction processes are divided into two classes: 
'direct' and 'resolved'. Example diagrams for these processes are shown in Fig.[l|. 
Direct processes are apparently simple - the photon couples directly into the hard 
scattering (via high virtuality quarks), and thus the fraction (x 7 ) of its momentum 
transferred to the high Et partons is one. However, the photon may couple to a 
qq pair with a relative pt much less than the of the hard jets. In this case large 
logarithms of Et/pt enter into calculations of the cross section and for the lowest pr's 
the splitting of the photon is non-perturbative. These features lead to the introduction 
of a partonic structure for the photon, to describe the 'cascade' of partons derived 
from such low pt splittings. Reactions involving partons from this cascade are called 
resolved photon interactions, and they enter the jet production cross section at the 
same order as direct processes. In this case, x 7 < 1. 

An obvious first question to address at HERA then is - How well does this leading 
order language correspond to the actual situation in experiment? To answer it one 
must decide carefully what to attempt to measure. The goal should not be to some- 
how try to extract 'leading order' cross sections or variables, but to define sensible 
observables which have natural interpretations in the LO picture but which are well 
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defined independently of it. 

The first such observable is a jet. At leading order this corresponds to a parton, 
but in experiment (as well as in more sophisticated calculations) it is defined by a 
jet algorithm. More of this later. For now, it is enough to remark that jets have well 
defined pseudorapidity a (?]- ?e *) and transverse energy (E^ )• 

In photoproduction events at HERA the positron generally escapes down the 
beampipe. This constrains the negative of the four-momentum squared of the photon 
(Q 2 ) to be below about 4 GeV 2 , and the median value is Q 2 m 10~ 3 GeV 2 . This is 
not the hard scale of the interaction (which is provided by E^ 1 ), and is more usually 
referred to as P 2 in photon physics. Another important variable is the inelasticity y. 
This is defined in the same way as in deep inelastic scattering (DIS), but at low Q 2 
it reduces to y ~ E^/E e . 

Using the jets and y, the variable x° BS = Yljetsi^T e - ^" )/^yE e is defined. It 
is the fraction of the photon's momentum appearing in the high Ej 1 jets. In dijet 
cross sections the sum runs over the two highest E^ events. The superscript 'OBS' 
is meant to indicate that this is an observable, unlike the LO x 1 . However, in a two 
parton final state, x° B reduces to the LO variable. 

The (uncorrected) x® BS distribution from ZEUSS is shown in Fig|| There is a 
clear two-component structure, with a peak at high values of x° BS and a rising tail 
to low values, which is cut off eventually by detector acceptance. Also shown are 
the distributions obtained from Monte Carlo (MC) simulations which include parton 
showers and hadronisation models as well as the LO diagrams. The direct MC events 
lie at high x° B . 

Thus the LO QCD picture has passed its first test (at least qualitatively - there 
are discrepancies at low x° BS between the data and the MC). There is a further test 
which can be made quite simply. The dominant LO diagrams for direct processes 

a rj — In tan 8/2 where 9 is the polar angle of the jet w.r.t. the proton direction. 
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Fig. 2. a) Uncorrected x*z B distribution b) dijet angular distributions. 



involve fermion (i.e. quark) exchange whereas those in resolved processes involve 
boson (i.e. gluon) exchange (see Fig.|I|). This leads to different predictions for the 
dijet angular distribution in the jet-jet centre-of-mass frame. The direct (high x° BS ) 
should be distributed according to 1 1 — cos6*\~ l , whereas the resolved (low x° BS ) 
should be ~ |1 — cos9*\~ 2 . ZEUS has measured these distributions^ for dijet invariant 
mass above 23 GeV. The results are shown in Fig.|[ The data agree well with the 
predictions. Also shown are NLO calculations from Harris and Owens!, which agree 
well with both the data and with the LO curves. 

3. Jet Cross Sections 

So far the simple LO picture of these processes is in pretty good shape. What else 
can we learn? As well as being sensitive to the QCD dynamics, jet cross sections are 
sensitive to the parton distributions in the photon and the proton. Thus in principle 
they can give information about the quark and gluon distributions inside the photon 
and proton. HI and ZEUS have measured inclusive and dijet cross sections and the 
statistics are now becoming sufficiently high for measurements of multijet jet cross 
sections to begin. 

3.1. Inclusive Jet Cross Sections 

Both ZEUS and HI measure inclusive jet cross sections differential in rf et and 
integrated above a given and cross sections differential in E 3 ^ 1 integrated within 
a range of rf Gt . All the cross sections are ep cross sections integrated within specified 
y and Q 2 ranges. 
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Fig. 3. Inclusive jet cross sections. The HI data@ have a normalisation uncertainty of 26% which 
is not shown. The uncertainty in the ZEUS data arising from the energy scale of the calorimeter is 
correlated between points and is indicated by the shaded band. The ZEUS-data show the difference 
between data and theory for the cross section da/drf et for E 3 ^ 1 > 17 GeVQ. 



Some examples are shown in Fig.^. The HI dataP are compared to the expectations 
of LO MC simulations. For the standard PYTHIA there is in general reasonable 
agreement in the shape at high values. However, at low JSjf* and in the forward 
region the data lie above the MC (whether GRV or LAC1 parton distributions are 
used for the photon). The other MC models shown contain multiparton interactions 
and give higher cross sections - more of this later. An example of the ZEUS inclusive 
jet data is also shown. This time, the difference between data and 'theory' is plotted, 
where in the first case the theory is PYTHIA again, and in the second case it is a NLO 
QCD calculation from Klasen and Kramer!. For these higher E^ 1 values PYTHIA 
lies below the data over the whole range. The NLO QCD calculations describe the 
normalisation of the data better, but lie below the data in the forward region. The 
sensitivity to the parton distribution in the photon is similar in size to the systematic 
uncertainties in the measurement. 



3.2. Dijet Cross Sections 

Once two (or more) jets per event are measured in the detector, many possible 
cross sections can be measured. The angular distributions shown earlier are an ex- 
ample, as might be the x® BS distribution. A choice which has been made by ZEUS0 
is to measure da/dfj for both jets above a given E^ cut. Here fj = (rji + r/a)/2 is the 



boost of the dijet system in the lab frame. Rewriting x° BS ~ E^e^coshArj/yEe 
shows that for small \Arj\ = \rji — 7/2 1) the smallest x values are probed for a given 
E 3 ^ 1 . Scanning across fj means scanning across yx 1 and x v . Low fj means high x 7 and 
low x p (typically 0.005). High fj means low x 1 and moderate x v (typically 0.1). The 
cross section is measured in two x° BS regions corresponding to direct (x® BS > 0.75) 
and resolved (0.3 < x° BS < 0.75). The data are shown in Fig.f|. 

3.3. Comments on Jet Cross Sections 

The situation now looks a little less clear. There is reasonable agreement between 
data and theory for dijet cross sections at high x° BS , but the calculations are too low 
at low E^ and low x® BS . There is reasonable agreement in backward inclusive jets, 
but the calculation is too low in the forward direction, particularly for the lowest E^ 1 
values measured. The next section contains some possible explanations and hints at 
how these discrepancies might be resolved. 

4. What is a jet? 

The theory we wish to investigate is QCD. Although MC simulations describe 
some event properties more successfully by use of phenomenological models, the best 
calculations available are at next-to-leading order in a s and do not include effects such 
as hadronisation. This means that although in nature jets consist of many (typically 
more than five) hadrons, in the theory they consist of two (at most) partons. These 
partons are the hardest in the event, and thus can be expected to give a reasonable 
description of high E^ jets. However, the following issues (and maybe others!) must 
be addressed before strong conclusions can be drawn from comparisons between data 
and theory. None of them are trivial issues, and the investigation of them should 
deepen our understanding significantly. 

4-1. Jet Algorithms 

It is not correct to think of jets as being simply 'smeared' partons. Jets are 
defined by an algorithm. Are the algorithms the same in experiment and theory? 
Experiments have used cone algorithms of various flavours or more lately a mode of 
the so-called kj- cluster algorithm which uses separation in rj — <fi space as its distance 
parameter^. So far the calculations have used only a cone algorithm. 

A major source of ambiguity arises in the seed finding (that is, where do you begin 
looking for a jet?) and jet merging and/or splitting (that is, at what point does a 
fairly hard subjet become an extra jet in its own right?). The details of how these 
are performed can have a large effect on the experiment and a lesser or different one 
on the theory. No unique treatment is defined in the famous Snowmass convention!. 
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Fig. 4. Dijet cross sections from ZEUS0. The uncertainty in the data arising from the energy scale 
of the calorimeter is correlated between points and is indicated by the shaded band. 



A particular example of a problem can be seen by considering two partons or hard 
particles separated by 8r = y/5<p 2 + 5r] 2 = 2. An experimental cone algorithm running 
with jet radius R = 1 would typically take one of these (or the calorimeter cluster 
caused by it) and draw a circle of radius one around it. No other particle is inside 
this radius and so a stable jet is formed. The second particle will form a second 
jet. However, in a theoretical calculation the partons will be merged (if they have 
the same Et) because they do both lie with a cone of radius one centred on their 
midpoint. 

The parameter R sep is introduced in the theory to combat this problem!. Partons 
separated by a distance greater than i? sep will never be merged by the algorithm. 
In this way, calculations attempt to mimic the effects of the seed finding stage of 
experimental jet finders. As a bonus, setting R sep = R makes the results of the cone 
algorithm identical (for a three parton final state) to the version employed by the 
experiments. 

Therefore one approach is to measure and calculate jet cross sections with various 
jet algorithms and see how changes in the algorithm affect the comparison between the 
twota However, the R sep method is in fact badly defined for higher order calculations, 
and in fact cone algorithms like this are not infrared safe in four-parton final states0. 



4-2. Underlying Events 

Jets are not the only things in an event. How does the rest of the event affect them? 
The term 'underlying event' is often used loosely to refer to the activity in real events 
caused by the fact that, having provided partons for a hard scattering, the remnants 
of the proton and photon do not just go away. The models and language used to 
describe them vary widely and depending upon taste or convention effects such as 
initial and final state QCD radiation and soft or hard remnant-remnant interactions 
may or may not be included. They do not however include second photon-proton 
interactions in a single bunch crossing - the probability for this leading to significant 
activity in an event is negligible at HERA. 

That an underlying event exists in photoproduction at HERA is clearly seen in 
Fig.ga. Here Hi! have plotted the mean transverse energy outside the jet per unit of 
i] — cf) space, as a function of x° BS . First, there is clearly plenty of transverse energy 
in the event apart from the hard jets, and secondly it is correlated to x® BS . Given 
the fact that any transverse energy outside the jet must contain some of the photon's 
momentum, it is plain from the definition of x^ BS that such a correlation must exist. 
However, the amount of transverse energy involved and strength of the correlation are 
remarkable. The implication is that this underlying event could indeed affect the jets 
significantly, and that it cannot be treated as independent of the jets. The size of the 
underlying event is correlated to the hard process, and therefore no technique relying 
on subtraction of typical 'minimum bias' events will be able to correct for it properly. 




That such techniques have occasionally been used at hadron-hadron colliders without 
large ill effects seems to be because all the events are at low x, whereas the correlation 
becomes important in the range above x ~ 0.1. 

Apossible explanation of this type of effect is offered by multiparton interactions 
(MI)@M These are allowed in eikonal models for extra hard (or sometimes soft) 
scatters in a single 7p event, as illustrated in Fig.|5|b. Such models are available 
in PYTHIA0, HERWIG0 and PHOJET0 (but not in NLO QCD!). These models 
improve the description of the data - they increase energy flow around the jet core and 
in general increase jet cross sections. The price paid is that when MI are allowed, the 
energy flow outside the jet becomes very sensitive to the parton distributions in the 
photon and proton, and to p™ m , the cutoff for hard scattering^. This is because the 
average number of partonic interactions in a given 7^ event goes up with increasing 
parton density. 

4-3. Jet Shapes 

Jets have internal structure. Does the theory describe this properly? Measure- 
ments of jet shapes provide a useful way of looking at this. The jet shape \l/(r) is 
defined as the average fraction of the jet's transverse energy lying within cone of ra- 
dius r. It is defined such that ip{R) = 1. The rate at which it approaches unity as 
r approaches R is a measure of how collimated the jet is. ZEUS have measured jet 
shapes^ for a sample inclusive jets with E^ 1 > 14 GeV. An example of the data is 
shown in Fig|]. In Fig.^a the fraction of contained within a sub-cone of radius 



ZEUS 1994 



ZEUS 1994 




0.5 is plotted as a function of rf et . The data show that forward jets are broader; that 
is, the fraction of E^: within the inner cone decreases as nf et increases. Also shown 
are several curves from PYTHIA. The two continuous lines show the prediction of 
PYTHIA with (thicker) and without (thinner) MI. Clearly, MI once more improve 
the description of the data. Also shown separately are the shapes for those PYTHIA 
jets which are initiated by a gluon or a quark at LO. Gluon jets are broader in the 
MC, as expected from the fact that their larger colour charge leads to more QCD 
radiation. The jets in the rear direction look like quark jets, whereas the behaviour 
is gluon like in the forward direction. The transition between the two is reproduced 
in the MC, where it arises from the transition from dominantly direct to dominantly 
resolved processes as rf et increases. In Fig.||b, the same quantity is plotted, but now 
as a function of . Jets get narrower as Ej? increases. In addition, in the MC the 
effect of multiparton interactions decreases. Comparisons to QCD calculations are 
given in Klasen's presentation. 

5. Outlook and Conclusion 

A theme in this area of physics is the benefit (and difficulty) of making general 
comparisons. There has been significant progress in our understanding of how to 
compare data and theory. The choice of jet algorithm has been discussed in this 
context and an attractive solution to the problems involved seems to be offered by 

algorithm, which by virtue of being a cluster rather than cone algorithm avoids in 
a natural manner all seed finding and jet merging ambiguities (and hence the need 
for R sep ), but which in the chosen mode preserves the attractive features of cone 



algorithms in hadronic physics. 

Another point to bear in mind is that we need to choose 'theory friendly' cross 
sections. In particular, demanding two jets above a certain Et leads to divergences in 
NLO QCD which are responsible for discrepancies between theoretical calculations&i. 
The problem is discussed in Klasen's contribution. Recent preliminary ZEUS data@ 
avoid this problem by symmetrising dijet cross sections and cutting on the highest 
Ej? whilst applying a different and lower threshold to the second jet, also shown by 
Klasen. 

To make comparisons at lower Ej? with confidence, a better understanding of 
the 'underlying event' is required. Multiparton interactions are a hot topic, but have 
many free parameters and are based upon simplifying assumptions which may not be 
justified. The eventual answer is surely to measure and constrain them with data. 
A promising approach is to study multijet events, and the current statistics are now 
allowing this to begin at HERAEJ. 

Leaving aside the theory for a moment, comparisons between data from different 
experiments would be greatly enhanced by the adoption of a standard set of cuts and 
jet algorithms for a minimal subset of jet cross sections, where this is practical. The 
comparison of jet physics between photoproduction and DIS is another subject which 
is gaining momentum, both in jet shapes and cross sections. 

Photoproduction at HERA and 77 collisions at e + e~ experiments probe the pho- 
ton in complementary ways. Global fits to both jet data and F% data similar to those 
carried out for the proton will probably place the strongest constraints on the struc- 
ture of the photon in the end. However, general physics messages can been drawn 
from the data in other ways. A promising approach here is to study the effective 
parton distributions in the photonB9. In resolved photoproduction, the most impor- 
tant matrix elements have the same angular dependence and contribute to the cross 
section basically according to the colour factors involved. This fact allows the dijet 
cross section to be written in terms of single effective matrix element and an effective 
parton distribution: 

di(J _ 1 flh feff feff > M _ j 2 



eff\ 



dydxrydxpd cos 9* 32ns ep y x 7 : 

where feg(x,pj.) = J2q( x >Pt) + q( x jPt) + j9( x :Pt)- H10 have measured the dijet 
cross section shown in Fig.[7]a, and extracted f^ s ( shown in Fig.^b. There is a 

positive scaling violation, as seen in F% . This is characteristic of the 7 —>■ qq splitting 
probability, and is not present in purely hadronic structure functions. 

Finally, a nice instance of feedback between the two types of experiments was 
recently shown in OPAL data@. In 1993, ZEUS results showed that the data are 
better described by MC simulations if the intrinsic kx in the photon is increasedil. 
This is a way of faking the effect of the fact that in the 7 — > qq splitting the quarks 
can have significant relative pr- Following this, OPAL have used a similar trick in 




e7 collisions to achieve a significantly better agreement in the spectrum of transverse 
energy outside the plane defined by the beam and the scattered electron, as well as 
in the dijet rates for these events. 

I hope some flavour of the rapid and continuing progress in field has been conveyed. 
I am confident that there is a great deal more physics to come from studying jet 
photoproduction. 
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